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Abstract 
The continuously increasing demand for renewable energy sources renders anaerobic digestion to 
one of the most promising technologies for renewable energy production. Due to the animal 
production intensification, manure is being used as the primary feedstock for most of the biogas 
plants. However, biogas plants digesting liquid manure alone are not economically viable due to 
the relatively low organic content of the manure, usually 3-5%.Thus, their economical profitable 
operation relies partly on increasing the methane yield from manure, and especially of its solid 
fraction, usually called as ‘manure fibers’, which is not so easily degradable. 
Laboratory tests have shown that ammonia is very effective for the pre-treatment of manure fibers 
and other lignocellulosic biomasses but also for the post-treatment of manure fibers after anaerobic 
digestion (digested manure fibers). It has to be emphasized that apart the increased methane yield, 
the ammonia used can be recovered and recycled from the liquid manure resulting in no 
consumption of chemicals and actually in production of excess ammonia.  
AMMONOX is an innovative concept focusing on an integrated approach for sustainable and cost-
efficient energy production in the form of methane from manure. The three pillars of AMMONOX 
are a) the optimisation and application of Aqueous Ammonia Soaking (AAS) as a moderate and 
sustainable chemical treatment for enhanced methane production from manure fibers and 
lignocellulosic biomasses, b) the application of innovative ammonia recovery technology and c) 
the coupling of the excess ammonia obtained from manure with the catalytic elimination of NOx 
emissions when the biogas is used for subsequent electricity generation with gas engines.  
 
Keywords 
Aqueous Ammonia Soaking; methane; NOx reduction; AMRECO; RETROMAX; manure; 
lignocellulose 
INTRODUCTION 
In recent years, biogas technology has progressed rapidly and its application has experienced an 
explosive growth worldwide, with electricity from biogas playing an integral part of the global 
energy market (UNEP, 2008). Currently, most agricultural biogas plants are used to ferment liquid 
manure (Deublein and Steinhauser, 2008) due to several advantages. Anaerobic digestion is a 
spontaneous process based on microorganisms already existing in manure. Additionally, production 
of biogas from manure results in much higher reduction in greenhouse gas emission than other 
biofuels producing processes and equal savings in fossil fuels. As cost aspects point to the same 
direction, manure based biogas should have higher priority from other biofuels (Thyø and Wenzel, 
2007). The potential for heat and electricity from biogas in Denmark is at least 10 times higher than 
it is produced today. This potential is based mainly on manure. On the other hand, manure biogas 
efficiency is poor due to its relatively low organic content and therefore biogas plants digesting 
liquid manure alone are not economically viable. Current biogas production in Denmark is based on 
mixing manure with other (additional) biomasses characterized by higher methane potential, such as 
slaughterhouse wastes, glycerine, crops, animal fat, fish oil, etc. However, due to the increased 
demand for biomass feedstock in the bio-energy sector, the supply of these additional biomasses is 
becoming increasingly limited or expensive. 
The alternative option is to use lignocellulosic biomasses such us manure fibers and agricultural and 
forest residues, which, however, need to be pretreated in order to be efficiently converted to 
methane. The existing pretreatment methods are based on high temperature and pressure and/or use 
of harsh chemicals and thus they increase significantly the cost of biogas/electricity production. 
Ammonia is among the chemicals that can be used biomass pretreatment. Also, ammonia is a 
chemical which exists at relatively high concentrations in manure effluents. As such, it negatively 
affects the environmental performance of biogas plants and quite often it can significantly reduce 
the methane efficiency due to inhibition of biological processes. 
A relatively simple pretreatment method based on ammonia with minimal process technology 
requirements (no high temperature and pressure) is aqueous ammonia soaking (AAS). AAS has 
been used to increase the digestibility of low quality forages and crop residue in ruminants 
(Hashimoto, 1986). Streeter and Horn (1980) reported that the digestibility of crop residues treated 
with 24% ammonia was generally increased and they assumed that ammonia could dissolve 
hemicellulose and thereby increase the accessibility of cellulose. AAS has been applied lately to 
different lignocellulosic biomasses mainly for bioethanol or other organic solvents. So far, AAS has 
been tested in laboratory or pilot scale for bioethanol and chemicals production and has given 
interesting results but its efficiency is significantly lower than that of other (high temperature and 
pressure) thermochemical pretreatment methods, which is translated to increased use of enzymes at 
the subsequent stages. On the other hand, anaerobic digestion of manure or other biomasses does 
not require the production of a medium with high concentration of soluble sugars in order to be 
efficient because the microbial consortium performing anaerobic digestion has the ability to 
produce all the necessary enzymes for the hydrolysis of cellulose and hemicellulose. Despite the 
advantages of AAS and the low requirements of the anaerobic digestion process, studies on the 
effect that AAS has on methane production from various lignocellulosic biomasses were scarce 
with just those of Hashimoto (1986) (straw) and Himmelsbach et al. (2010) (switchgrass) found in 
the international literature until recently.  
Based on the very promising results obtained so far and discussed in the sequel, an innovative 
concept, AMMONOX, for renewable, sustainable and cost-efficient energy production in the form 
of methane from manure was proposed and received support for further development. The three 
pillars of AMMONOX are a) the optimisation and application of AAS as a moderate and 
sustainable chemical treatment for enhanced methane production from manure fibers and 
lignocellulosic biomasses, b) the application of innovative ammonia recovery technology and c) the 
coupling of the excess ammonia obtained from manure with the catalytic elimination of NOx when 
the biogas is used for subsequent electricity generation with gas engines. In the sequel, the three 
pillars of AMMONOX are presented along with representative results from AAS of manure fibers. 
AMMONOX-PROCESSES INVOLVED AND MAJOR RESULTS OBTAINED 
Aqueous Ammonia Soaking (AAS) of manure fibers and methane enhancement 
Experimental methodology. Raw and digested (before and after anaerobic digestion, respectively) 
manure fibers were collected at a mesophilic biogas plant treating manure and manure fibers 
(Morsø BioEnergi,). Manure fibers were soaked in ammonia reagent at a ratio of 10 mL reagent per 
g TS. After the completion of the treatment, ammonia was removed by distillation in a rotary 
evaporator (Buchi RII Rotavapor) with a vertical condenser. Determination of methane yield 
enhancement under different conditions (reagent concentration in ammonia, duration, temperature) 
was performed in batch tests and confirmed in continuous reactors digesting a mixture of manure 
and AAS-treated manure fibers. 
Major results obtained. The highest increase in methane yield achieved was 178% and 237% from 
raw and digested manure fibers, respectively, in batch tests. AAS was applied at 22°C and for 3 
days while the reagent concentration in ammonia was 32% and 25% for raw and digested fibers, 
respectively. Specifically for digested fibers, it was found that different reagent concentration at the 
range of 5-25% w/w in ammonia did not affect significantly the overall methane yield, while 
treatment with 32% reagent concentration in ammonia resulted at approximately 14% lower 
methane production (Jurado et al., 2012a; Mirtsou-Xanthopoulou et al., 2012a). 
Experiments in CSTR fed with manure and subsequently with a mixture of manure and AAS-
treated fibers confirmed the increased methane yield. Specifically, the methane yield of AAS-
treated digested fibers was calculated to be 0.24 l CH4 / g TS in continuous experiments compared 
to 0.19-0.22 l CH4 / g TS obtained in batch tests. AAS-treated raw manure fibers yielded 0.23 l CH4 
/ g TS in continuous experiments compared to 0.18-0.32 l CH4 / g TS obtained in batch tests with 
different TS loading (Jurado et al., 2012b; Mirtsou-Xanthopoulou et al., 2012b). It is remarkable 
that the ultimate methane potential of non AAS-treated raw and digested fibers was 0.117±0.009 
and 0.077-0.090 l CH4 / g TS, respectively, in batch tests (Jurado et al., 2013). 
Ammonia recovery – the RETROMAX process 
Anaerobic digestion can be severely inhibited by high ammonia concentrations and therefore an 
efficient ammonia removal step is necessary before anaerobic digestion of AAS treated biomass.  
The AMRECO process (pending PCT/DK2007/000447) is going to be developed and implemented 
within AMMONOX. The AMRECO process uses chemical precipitation (and thus removal) of 

4NH  with phosphate 
3
4PO  and 
2Mg  in the form of struvite and regeneration and reuse of 
magnesium/phosphate salts. This process is relatively simple and has been successfully tested with 
reject water from dewatering of sewage sludge and landfill leachates. AMRECO process consists of 
2 chemical process steps, both being in the same reactor initially containing magnesium phosphate. 
The first step is the addition of the ammonia rich liquid and the struvite precipitation. After all the 
ammonia has precipitated as struvite, the liquid in the reactor is extracted by vacuum filtration. The 
process is repeated until all magnesium phosphate has reacted and thus is unable to remove more 
ammonia. During the second step of AMRECO process the struvite precipitate (occupying a 
relatively very small volume since all the liquid content has been removed in the previous step) is 
heated up to 70‐80°C resulting in the release of ammonia (NH3) in the gas phase and the 
regeneration of magnesium phosphate. The released NH3 is compressed at 10 bars and stored in 
liquid form. When regeneration phase is terminated the AMRECO reactor containing magnesium 
phosphate can be reused by starting up again the first step. The magnesium phosphate regeneration 
efficiency is very high (around 99%) eliminating the consumption of chemicals. The AMRECO 
process needs a particle free solution before ammonia can be recovered; therefore, the solids have to 
be removed after the AAS treatment. The process combining solids separation with AMRECO is 
called ‘RETROMAX’ (EUDP 2011) and is going to be implemented in the frame of AMMONOX 
project.  
AMMONOX – THE CONCEPT 
An overview of the AMMONOX concept is shown in figure 1. Part of the ammonia produced 
during the RETROMAX process will be recycled and reused in the AAS treatment. Since manure is 
rich in ammonia the RETROMAX process will be able to produce the necessary excess ammonia 
also for the reduction of NOx emissions by the use of Selective Catalytic Reduction (SCR) 
catalysts, which is a mature and commercially available technology (Li et al., 2011 and 
http://www.ihi.co.jp/denryoku/denox.htm ). Finally, there may be a possibility that the produced 
ammonia is more than enough to cover the needs of the AAS treatment and of the SCR catalysts. In 
such a case, the surplus of ammonia can easily be converted in to N-fertilizer increasing the income 
of the biogas plant. It is anticipated that the methane increase will also cover the additional cost for 
the AAS and RETROMAX processes, however, a complete energy balance and cost analysis is 
within the primary objectives of AMMONOX project.  
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Figure 1. An overview of the AMMONOX concept. 
The enhancement of methane production from manure fibers coupled to the RETROMAX process 
for removal and recycling of ammonia and to the selective catalytic reduction of the NOx is a 
unique combination that may significantly contribute to a more sustainable and environmentally 
friendly electricity production from biogas. Moreover, AMMONOX will result to the economic 
viability of biogas plants based solely on manure by increasing the methane produced per mass of 
biomass treated.  
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